Hypothesis: Multi-slice computed tomography (MSCT) overestimates the size of superior semicircular canal dehiscences (SSCDs) and also can misinterpret thin bone over the superior semicircular canal as dehiscent. A threshold of the radiodensity of the bone over the superior semicircular canal may exist that could optimize prediction of an actual SSCD. Background: The gold standard for diagnosis of SSCD is MSCT, but there is a higher prevalence of SSCD based on MSCT compared with histologic studies. Overestimation of SSCD can lead to inappropriate diagnosis and treatment. Methods: We correlated radiographic and surgical findings in SSCD to determine if MSCT overestimated the size of SSCD and if a threshold radiodensity could be defined, below which actual dehiscence could best be predicted. Participants were 34 humans with SSCD confirmed at surgery. MSCT scans were acquired axially with 0.5-mm collimation and a small field of view (24 cm). Dehiscence sizes measured from radial reconstructions were compared with measurements made during surgery.
structions were compared with measurements made during surgery.
Results: There were significant differences between radiographic and actual length and width, indicating that MSCT tends to overestimate the size of SSCD. Receiver operating characteristic analysis found a threshold in Hounsfield units that optimized the prediction of dehiscence. Conclusion: Computed tomographic imaging alone can be misleading for diagnosis of SSCD. It can overestimate the size of the dehiscence, and it can falsely detect dehiscences. Clinical symptoms and other signs must be clearly indicative before surgery, and MSCT cannot be used exclusively for the diagnosis of SSCD. Key Words: Computed Labyrinth Receiver operating characteristicVSensitivityVSpecificityVSuperior canal dehiscenceVVertigoVVestibular.
Otol Neurotol 33:215Y222, 2012.
Superior semicircular canal dehiscence (SSCD) is a bony dehiscence of the superior semicircular canal into the intracranial space that, when symptomatic, presents with auditory and/or vestibular symptoms, collectively known as SSCD syndrome (SSCDS) (1) . Auditory symptoms include autophony, aural fullness, and conductive hyperacusis (2Y4). Vestibular symptoms include disequilibrium or vertigo induced by changes in intracranial or middle-ear pressure or by sound. Diagnosis of SSCD is confirmed by a combination of imaging, audiometric testing, vestibular-evoked myogenic potential (VEMP) testing, and physical examination (1, 2, 4, 5) .
MSCT is presently considered the ideal imaging modality for SSCD. However, the resolution of MSCT for the thin layer of bone that may overlay the superior canal (SC) has not been determined. This resolution is affected by several parameters. Collimation of the x-ray beam is among the most important of these. Although conventional temporal bone MSCT scans with 1.0-mm collimation viewed in the axial and coronal planes have excellent sensitivity for detecting SSCD, the specificity and positive predictive value of the imaging study can be improved with 0.5-mm collimation and reconstructions in the plane of the SC (4) . Field of view also affects resolution, and it is best to map the smallest volume of tissue to the fixed image matrix size to minimize partial volume averaging and improve resolution. Filtering of the raw MSCT data to produce meaningful images is typically done with an edge detection filter, but the noise reduction algorithms may effectively remove thin bone from the final image, resulting in false-positive diagnoses of SSCD. Motion artifacts also may degrade image quality, and it is unclear if the reduction in motion artifacts achieved with spiral scanning techniques outweighs the loss of z-axis resolution in spiral scanning. Inherent noise in the x-ray beam and in the detectors also will affect resolution.
Previous studies suggest that high-resolution MSCT tends to overestimate the prevalence of SSCD. For example, in a group of 581 temporal bones scanned with a helical computed tomographic (CT) technique, results suggested 4% to be dehiscent (6) . However, histologic evaluation of 1,000 temporal bones suggested a prevalence of only 0.5% for SSCD (7) . In another study, CT scans of 82 patients (164 ears) suggested that 3% had SSCD based on helical CT imaging; however, clinical evaluation of these patients suggested that only 0.6% had SSCD syndrome (8) .
We have encountered cases in which typical symptoms and signs of SSCDS and MSCT findings suggestive of dehiscent bone over the SC led to surgical exploration, but during surgery, there was still remaining thin bone found over the canal. Symptoms such as pulsatile tinnitus and autophony might still be expected in these cases because of abnormal pressure transmission through thin bone. However, no series to date has reported on whether plugging or resurfacing of the canal in such cases leads to resolution of symptoms. Regardless, it would be desirable to know the true status of the bone overlying the SC in advance of surgery to best counsel patients.
In this study, we compare the findings from MSCT and surgical exploration in a series of patients with SSCDS. We hypothesized that the length of dehiscence estimated by MSCT would exceed that found at surgery because of the poorer spatial resolution of MSCT and its tendency to apparently remove thin remaining bone overlying the SC. The results demonstrate that MSCT does systematically overestimate the length of dehiscence in SSCD. We also demonstrate that setting a threshold for radiodensity of the bone over the SC to diagnose SSCD can optimize prediction of an actual dehiscence of the SC.
METHODS

Patients Studied
This study focused on 34 patients who had surgery for SSCDS based on findings from MSCT as well as other evidence from a combination of VEMP testing, audiometry, and physical examination. The length and width of the dehiscence was measured at the time of surgery. Of the 34 patients studied, 19 had surgery on the left ear, whereas 15 had surgery on the right ear. The age at presentation of these patients ranged from 30 to 66 years. The mean age was 46.3 T 11.2 (mean T standard deviation). Table 1 gives a synopsis of the symptoms and signs of SSCDS in these patients. This study qualified for exemption from an institutional review board protocol based on United States Department of Health and Human Services criteria 45 CFR 46.101(b4). The Johns Hopkins Medicine Institutional Review Board made the determination that the study qualified for this exemption.
CT Imaging
High-resolution MSCT scans of the temporal bones were acquired with axial scanning using a Toshiba Aquilion MSCT (Toshiba America Medical Systems, Inc., Tustin, CA, USA) with settings of 120 kV, 300 mA, and 1-second rotation time. The scan was done in nonhelical mode using 8 detectors per revolution. The x-ray beam was collimated for 0.5-mm slice thickness. Images were reconstructed on a 512 Â 512 image matrix from a 24-cm or smaller field of view. Reconstructions were made in 0.2-mm increments in 2 anatomically vertical planes, one that lay parallel to the plane of the SC and one that lay orthogonal to the plane of the SC. Additional radial orthogonal reconstructions were made by rotating the image plane orthogonal to the canal around the center of the canal (''pie-cut'' reconstructions).
Multiplanar reconstructions were performed with Vitrea software (Vital Images, Inc., Minnetonka, Minnesota, USA), which allows the viewer to place markers in the 3-dimensional (3-D) image space (Fig. 1) . The markers maintain their spatial relationship with the bony structures when the images are reconstructed and viewed in other planes. Using the radial reconstruction images to provide an orthogonal cross-section of the bone over each section of the canal, we visually determined where the dehiscence began and ended. The criterion for declaring the SC to be dehiscent was the appearance of 2 or more contiguous reconstructed images in which the pixels at the top of the canal were visually identical in grayscale intensity to those in the lumen of the canal. The opening and closing points of the dehiscence were those points at either end of the range of points where this criterion was met. 3-D marker arrows were placed at these points, and the image plane was then rotated back into the plane of the canal to display the entire torus of the canal (Fig. 1E ). Using the measuring tool, the length in millimeters between the 2 arrows was measured (Fig. 1E , dotted line). At the widest opening of the dehiscence, using the radial orthogonal view, the width and height of the dehiscence also were measured in millimeters and recorded ( Fig. 2) .
We sought a radiographic threshold to distinguish between dehiscent and nondehiscent bone, that is, a value in Hounsfield units (HUs), above which the canal could best be predicted to be intact. A continuum of radiodensities was constructed. On one end of the continuum were 31 temporal bones with apparent dehiscences on MSCT and in which actual dehiscences were found at the time of surgery. Next were 3 temporal bones with apparent dehiscences on MSCT but in which intact, thin bone was found at the time of surgery. On the other end of the continuum were 7 temporal bones from the contralateral side in SSCD subjects. These temporal bones were not surgically explored, but intact bone over the SC was presumed on the basis of their MSCT scans demonstrating a generous cap (Q1 mm) of apparent bone over the SC as well as a clinical history demonstrating no symptoms or objective signs of SSCDS (such as conductive hyperacusis or low VEMP thresholds) from these ears. For all of the temporal bones in this continuum, the HU was recorded from the pixel that had the lowest apparent grayscale value in the thinnest region of bone overlying the SC or in the apparent dehiscence.
Surgical Measurements
Details of the surgical procedure have been previously published (9) . Briefly, surgery consisted of a middle cranial fossa approach to expose the SSC atraumatically, and dehiscent canals were plugged with pieces of fascia and bone chips to obliterate the lumen of the canal for several millimeters on either side of the dehiscence. The size of dehiscence was measured directly with a flexible millimeter-graduated scale applied to the surface of the temporal bone next to the dehiscence before plugging. The measurements of length and width of each dehiscence were made using Â10 binocular microscopic magnification. The estimated accuracy was T0.2 mm.
Statistical Analysis
The measured length of dehiscence at surgery was compared with the length estimated from the MSCT scan ( Fig. 4A ; Table 1 ). Residual errors from the line of perfect correspondence for these measures were calculated. A 1-sample t test was used to determine if the mean of these residual errors was different from zero. Next, we sought to determine a threshold above which the MSCT scan would best predict intact bone overlying the SC. For this, a receiver operating characteristic (ROC) analysis was performed. For the plot of sensitivity versus (1-specificity), the HU values from the continuum of bone thickness over the SC were fit with a polynomial. Where the derivative of the fitted curve equaled one, the corresponding value of HU was taken as the threshold for detection of dehiscence. Statistical calculations were performed with SPSS Statistics Version 17.0 (SPSS Inc. Chicago, IL, USA) (Figs. 1Y3) .
RESULTS
Clinical Outcomes of Canal Plugging Surgery
Thirty-two patients (94%) were found to have complete dehiscence of the SSC at surgery. Of these patients, 25 had auditory complaints, and 12 had vestibular complaints (5 patients had combinations of auditory and vestibular symptoms). Symptoms completely resolved after surgery in 21 patients, partially resolved in 12, and did not resolve in 1. Notably, of the patients with partially resolved symptoms, the major remaining symptoms were ear fullness (1 patient), disequilibrium and/or oscillopsia with head movements (4 patients), headaches (3 patients), autophony (3 patients), and pulsatile tinnitus (1 patient). One patient had revision surgery at another location because of troublesome oscillopsia.
Two patients were found to have very thin bone (''bluelined'') remaining over the SSC instead of a frank dehiscence, despite CT scan and other findings suggestive of SSCDS. These 2 patients are described below.
Patient 1 was an 18-year-old woman with a 1-year history of dizziness and nausea brought on by physical activity. Accompanying symptoms included aural fullness, autophony, and pulsatile tinnitus. Straining and loud sounds caused vertigo and dizziness. Her symptoms gradually worsened, being present for up to 4 hours on a daily basis. Physical examination with Frenzel goggles revealed right beating nystagmus evoked by gaze and horizontal head shaking. A 512-Hz tuning fork applied to the ankle was heard in the right ear when she bore weight on that leg. Her audiogram showed bilateral air-bone gaps with conductive hyperacusis, having negative bone conduction thresholds as follows: 1) 10 dB at 250 Hz on both sides; 2) 5 dB at 500 Hz on the right ear; and 3) 5 dB at 1,000 Hz on both sides. Her VEMP thresholds were 95 dB nHL and 90 dB nHL in the right and left ear, respectively. These thresholds were considered abnormally low, given her conductive hearing loss. Her CT scan of the temporal bones suggested bilateral SSCD. Surgery on the right side, which consisted of opening and plugging the nearly dehiscent canal as discussed before surgery, successfully resolved all of her symptoms on that side. The canal was opened at the thin area with a fine diamond bur and with care being taken to irrigate copiously and avoid suctioning away the perilymph. Plugging immediately proceeded as with preexisting dehiscence cases.
Patient 2 was a 34-year-old woman who developed left aural fullness immediately after being in a rear-end motor vehicle collision. She was evaluated elsewhere, diagnosed with an inner ear concussion, and treated with steroids and diazepam. These medications did not alleviate her aural fullness, and 2 months later, she developed dizziness, disequilibrium, and pulsatile tinnitus in her left ear. On examination under Frenzel lenses, application of tones at intensities of 100 to 110 dB nHL at frequencies from 250 to 4,000 Hz in both ears revealed some eye movements but no nystagmus. Neither application of pressure to either external auditory canal nor Valsalva maneuvers produced eye movements or vestibular symptoms. Her audiogram was within normal limits, and the VEMP threshold of her left ear was considered low at 75 dB nHL. CT imaging of the temporal bones suggested a dehiscence of bone overlying the left superior semicircular canal approximately 4 mm in length. At surgery, thin bone was found over the SSC, and it was opened and plugged. All symptoms, except for aural fullness, resolved after surgery.
Comparing Length of Dehiscence Estimated From
MSCT and Measured at Surgery The surgically determined length and width of the dehiscence were plotted against the radiographic length and width (Fig. 4, A and B) . A linear regression yielded an R 2 value of 0.48 for width and 0.28 for length measurements. The fitted lines fall below the expected line (x = y), indicating that the radiographic measurements overestimated the length and width of the dehiscence compared with the actual surgical measurement (Fig. 4) . The magnitude of this overestimate (residual error) was determined for each point as the distance from the ideal line.
These residual errors (residuals) were plotted in a histogram to visualize the frequency of each overestimate or underestimate of dehiscence length (Fig. 5) . A 1-sample t test was used to test the null hypothesis that the mean of the residual values was equal to zero, and this null hypothesis was rejected (p G 0.05). The 95% confidence interval of the difference for the length measurements (lower = j1.54, upper = j0.55) indicated a systematic tendency for negative residuals. The width measurements (lower = j0.42, upper = j0.19) yielded similar results. Thus, the data suggest that MSCT overestimated the actual length and width of the dehiscence.
Relationship Between Radiodensity and Dehiscence Size Figure 6 shows the range of radiodensity values seen as a function of dehiscence length. (In the 2 temporal bones found to have intact but thin bone, length = 0). It is notable that similar radiodensities were obtained for intact but thin bone and for dehiscences 2 to 4 mm in length. Thus, there was not an absolute threshold of radiodensity above which intact bone could be predicted. Nevertheless, an optimal value of radiodensity could be defined through an ROC analysis, which is an objective approach to choosing a cutoff value that would maximize true positives and minimize false positives (Fig. 7) .
For the range of observed radiodensity values, we calculated the sensitivity and the false-positive rate (1-specificity) at each value and plotted them (Fig. 7) . The curve was fit with a ninth degree-polynomial, and the first derivative was calculated to find out where the 45-degree tangent touched the graph (derivative = one)Vthat is, the point where the true positive rate would equal the falsepositive rate. The corresponding radiodensity value to this point was -375 HU, marked with the arrow (Fig. 7) . With the imaging parameters that we used, this threshold would maximize true positives and minimize false positives.
DISCUSSION
This study demonstrates that the actual size of an SSCD is usually smaller than that predicted by MSCT scanning. In the extreme case, the tendency of MSCT to overestimate the size of SSCD may lead to the conclusion that the bone is dehiscent when it is still, in fact, intact. In 2 patients, we encountered just this situation, and at surgery, we elected to open the remaining thin bone and plug the SC because we felt that the symptoms of autophony and pulsatile tinnitus could be explained by pressure transmission through the thin bone. These symptoms were, in fact, relieved in these 2 cases, but ear fullness remained in one. With further experience, it may turn out that only the very restricted set of symptoms of autophony and pulsatile tinnitus can be explained by a thin layer of bone over the SC and that other symptoms should lead to further investigations and treatments other than surgery. Furthermore, it would be ideal to know preoperatively whether the bone remains over the SC to counsel the patient accurately as to what symptoms they can expect the surgery to relieve. At the present time, it is essential to realize that the SC on a MSCT scan can appear dehiscent when it is not. Thus, it should be emphasized that a finding of SSCD on MSCT should be considered in the context of findings on physical examination, VEMP, audiogram, and the patient's symptoms before concluding that the patient has SSCDS (10) .
We examined the transition between the SC and middle fossa on radial reconstructions (true orthogonal images) from MSCT data and attempted to define a minimum threshold value of radiodensity to optimize diagnosis of SSCD. The ROC analysis demonstrated that a threshold of -375 HU gave the best results, but this may only apply to the particular CT scanner at the settings we used. For other scanners, a similar process could be carried out to optimize SSCD diagnosis.
Parenthetically, it may seem counterintuitive that the threshold value of radiodensity from the ROC analysis is less than zero, the defined HU value for water. It would seem that the fluid and soft tissue next to the bone over the superior semicircular canal should have a HU value no less than that of water. One potential explanation for this finding is the artifact known as ''beam hardening'' (11), which can create streaks or the appearance of nearly black areas adjacent to dense bone. The bone of the otic capsule is among the densest materials in the body; therefore, it is not surprising that beam hardening would occur adjacent to the temporal bone. A beam-hardening artifact can be seen in the temporal bone images in Figure 3A ; note the thin layer of apparent black material just beneath the temporal bone. Another example of this artifact is the frequent appearance of what seems to be air inside the inner ear. In Figure 3D , for example, the material inside the basal turn of the cochlea is depicted as completely black (after windowing), as if it were air, yet the fluid in the adjacent vestibule is seen as gray. Thus, a threshold value less than 0 HU may be a result of the surrounding tissue.
One of the most likely factors to contribute to the overestimation of size of superior canal dehiscence is the phenomenon of partial volume averaging that is inherent to MSCT technology (4, 6, 12) . In constructing an image set from CT data, attenuation values in an image matrix are reduced to single grayscale values to represent each finite voxel. When the dimensions of clinically important structures are on the order of or smaller than the dimensions of the voxels, critical structures can be obscured. This is because only a single grayscale value is assigned to the voxel to represent the average attenuation value of the tissue encountered within the voxel. Thin bone remaining over the SC next to an actual dehiscence can thus be made to ''disappear'' by partial volume averaging. For demonstration, in Figure 8A , the volume of image space representing the thin bone next to an actual dehiscence is only partially filled by the remaining bone. The majority of the substance in this volume is actually fluid (perilymph below, cerebrospinal fluid above) or soft tissue (dura above). The resulting image has a grayscale value for this voxel that is so close to that of pure fluid that the observer cannot distinguish it from fluid. Consequently, the dehiscence seems to be larger than it actually is. In an even worse case, thin bone over a canal that is not dehiscent can be made to disappear (Fig. 8B) .
Partial volume averaging errors can be reduced by reducing voxel size, for example, through reduction of beam collimation. For example, on average, 9.9% of 628 temporal bones scanned with 1 mm collimation seemed to have SSCD (13, 14) . However, in other radiologic studies with 0.5-mm collimation, only 3.8% of 745 temporal bones seemed to have SSCD (6, 8) . Nevertheless, the reduction of partial volume averaging errors obtained through decreasing collimation in MSCT to 0.5 mm is still incomplete because histologic evaluation of the superior canal with 24-Hm thickness led to a prevalence of only 0.5% of SSCD in 1,000 examined ears (7) .
One theoretical means of further reducing partial volume averaging errors is to change the CT detector to a flat panel rather than an array of linear detectors used in MSCT (15) . Indeed, we found that flat panel acquisition technique used in cone beam volumetric tomography revealed significantly more information content for scans of the SSC than MSCT with 0.5-mm collimation (16) . Reformation of the images into planes parallel and perpendicular to the SSC reduces the prevalence of the dehiscence down to approximately 4% (6) .
Other factors also can contribute to the tendency to overestimate the size of SSCD using MSCT. For example, smoothing filters used to produce interpretable 3D reconstructions must remove the appearance of brain and dura over the SC. Zhou et al. (10), Crane et al. (17) , and Roditi et al. (18) demonstrated that such filtering could produce several errors, including making SCs covered with thin bone seem dehiscent, causing exposed air cells to be mistaken for SSCD, and even causing large dehiscence to sometimes be missed. Image filtering also affects the multiplanar reconstructions used in this study, although to a lesser degree than in 3D reconstructions. Filtering also may contribute to the tendency of MSCT 2-dimensional reconstructions to overestimate SSCD as observed in the present study.
The finding that the optimal radiodensity measurement in the ROC analysis was -375 HU suggests that beam hardening may be an important contributor to artifacts in imaging for SSCD. The proximity of a fairly large volume of very dense bone to a thin roof of remaining bone overlying the SSCD creates a situation in which the beam hardening artifact may cause this thin bone to appear to be thinner than it actually is or even dehiscent when it is not. The beam-hardening artifact also may contribute to the systematic tendency of MSCT to overestimate the size of SSCD.
It has previously been pointed out that CT scans should not be taken as the sole evidence of SSCD syndrome (1) . Other findings critical to the diagnosis include abnormalities in VEMPs, low-frequency air-bone gaps and sometimes conductive hyperacusis on pure-tone audiometry, preservation of stapedial reflexes despite conductive hearing loss, and nystagmus characteristic of SSC stimulation in response to loud sounds or pressure changes in the ear (1, 4, 5, 7) . The findings of the present study emphasize just how serious the potential is for even state-of-the-art highresolution MSCT, properly used, to still overestimate both the prevalence of SSCD syndrome and the actual size of individual dehiscences. Advances such as flat-panel CT technology may help alleviate some of the tendency of MSCT to these overestimates, but there will always remain some degree of diagnostic uncertainty for SSCD with CT imaging.
CONCLUSION
CT imaging alone can be misleading for diagnosis of SSCDS. It can overestimate the size of the dehiscence, and it can falsely detect dehiscences. A cutoff value obtained by ROC analysis may be used to optimize radiographic diagnosis of SSCD. However, clinical symptoms and signs must be clearly indicative before surgery. CT cannot be used in isolation for the diagnosis of SSCD.
